In pharmaceutical tablet manufacturing, the powder formulation is filled into a die and compacted into a tablet using rigid punches. Die fill is important because it limits the productivity of tablet presses and determines key quality attributes of tablets including weight and content uniformity.
Introduction
Many of the powder products in industries such as pharmaceuticals, chemicals, metals and food are presented in the form of compacts. In pharmaceutical tablet manufacturing for instance, the powder formulation is fed into a die followed by compaction using rigid punches. In broad terms feeding systems can be classified into linear and rotary feeders. In linear feeding systems, a shoe filled with powder passes over the die opening and deposits the powder into the die cavity under gravity and/or suction fill mechanisms. Practically all commercial pharmaceutical tablets are manufactured on rotary tablet presses. Here, the powder formulation is fed into the die using rotating paddles inside a feed frame. The powder is compacted in two stages, pre-compression and main compression using the upper and lower punches and associated rollers. The tablet is finally exited from the die using an ejection cam. The powder feeding mechanism of a typical rotary tablet press is illustrated in Fig. 1 (Sinka et al., 2004) .
Die fill is important because key properties of the tablets such as weight and content uniformity, are determined when the powder mass is delivered into the die prior to compaction. Therefore, it is important to describe the flow behaviour of powders under processing conditions representative to rotary tablet presses. The flowability of powders can be characterised using a range of standard powder flow measurement techniques such as static and dynamic angle of repose (Carrigy, 1970) , critical orifice diameter (Jallo et al., 2012; Vemavarapu et al., 2009; Walker, 1966) , shear cell testing (Jenike, 1964; Schulze, 1994a; Schulze, 1994b) , bulk and tapped density measurements (Carr, 1965; Grey and Beddow, 1969) , torque rheometers (Freeman, 2004) , etc. These methods can be used to compare the flowability of powder, but rank orders can be inconsistent when comparing different techniques, e.g. when comparing static and dynamic methods (Baserinia et al., 2016; Guyoncourt and Tweed, 2003) . Therefore, for effective formulation and process design, it is important to characterise powder flow using a technique which captures the interactions involved in the process under consideration (Sinka et al., 2004) . Specifically, for die fill, model linear shoe-die systems have been https://doi.org/10.1016/j.ijpharm.2019.01.068 Received 1 October 2018; Received in revised form 3 January 2019; Accepted 31 January 2019 Fig. 1 . Schematic diagram of a rotary feeding system in a rotary tablet press. Reprint from (Sinka et al. 2004) , with permission. Fig. 2 . Schematic diagram of air flow mechanism during (a) gravity fill and (b) suction fill in linear shoe-die system. Reprint from (Mills and Sinka, 2013) , with permission.
R. Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) increased as more powder enters the die which opposes further powder discharge into the cavity. Schneider et al. (2007) proposed a power law relation between mass flow rate of the powder and shoe velocity and developed a model to predict powder mass introduced into a die as a function of shoe velocity. The results obtained from this model were in good agreement with the experiments conducted in vacuum. However, large discrepancies were observed for the results measured in air due to strong effect of air on the filling process. Furthermore, an effect called "suction fill" was identified by Jackson et al. (2007) . They showed that the efficiency of die filling can be increase by up to 2.5 times using the suction fill effect in comparison with the experiments involving gravity only. Mills and Sinka (2013) investigated the influence of particle size and density under suction fill and showed that for relatively poor flowing powders (e.g. small particle size and lower bulk density) the suction mechanism is more effective than for good flowing powders. They described the pressure changes inside the die in gravity and suction fill mechanisms using the two diagrams presented in Fig. 2 . In gravity fill, air pressure inside the die increases as powder is introduced. During nose flow , the air inside the die can escape easily while during bulk/intermittent flow (Schneider et al., 2007; ) the air can only escape through the clearances in the system and through the powder bed inside the shoe resulting in increased air pressure in the die ( Fig. 2a ) which opposes further powder discharge. In suction fill (Fig. 2b) , the die opening is initially covered by the suction punch. Downward motion of the punch creates a suction effect which facilitates powder flow into the die. At this stage, air can enter the die through the powder bed and the clearances in the system. Once the suction motion is finished, the powder is discharged into the die under gravity and as a result the air pressure inside the die starts to increase. The rising air pressure inhibits further powder flow. At this stage, similar to gravity fill mechanism, the air inside the die can only escape through the powder bed and clearances. Mendez et al. (2010) investigated the influence feed frame parameters in rotary feeding systems including blade speed and die disc speed on the flow behaviour of powders and stated that increasing the speed of blades and reducing the speed of the die table improves the flowability of the powder resulting in higher mass discharged into the die. On the contrary, Grymonpré et al. (2018) argued that high paddle speed can result in powder overlubrication and increase in tablet weight variation. They suggested altering the design of paddles as a method for improving die fill performance of rotary tablet presses. Zakhvatayeva et al. (2018) examined the influence of material properties on the efficiency of die filling in a rotary feeding system whereby the die cavity passes below a stationary shoe. They showed that critical filling velocity is increased for larger average particle size and permeability while for powders with higher cohesion and specific energy the die fill efficiency is reduced.
Computational studies of density variations in a stepped die were carried out by Wu and Cocks (2006) using the DEM method. They observed low density regions close to the edge of the step where the powder flow in the narrow section merges with the flow in wide section. Guo et al. (2009) used coupled CFD-DEM to model a stationary die in both air and vacuum. They observed that in vacuum the mass flow rate of monodisperse and polydisperse powders is constant. They also showed that the impact of air on powder flow reduces by increasing particle size and density and when the particle size and density are large enough, powder flow is no longer influenced by the effect of air. Guo proposed a power law relationship to determine the mass flow rate in gravity fill based on the Archimedes number (Seville et al., 2012 ) and the ratio of particle and air densities. This model was developed for a stationary shoe and cannot readily be used to predict mass flow rate in linear feeding systems. Also, the Archimedes number is highly sensitive to particle size which necessitates precise characterisation of the size and selection of an appropriate representative value. Wu and Guo (2012) further examined the effects of suction fill in linear feeding system using CFD-DEM and showed that the mass flow rate in air under suction fill mechanism is equal to the mass flow rate under gravity in vacuum.
The models developed using empirical data (Schneider et al., 2007) or numerical methods (Guo et al., 2009) do not include the influence of parameters such as powder height in the shoe, suction velocity, and more importantly, the air pressure in the die. Also, the empirical constants incorporated into these models change drastically by altering the processing parameters which hinder the application of these models for different practical situations. Therefore, there is a need for a more general model to predict powder flow behaviour in linear feeding systems.
The purpose of this paper is to propose a powder flow model that incorporates air pressure effect to describe die fill behaviour of typical pharmaceutical powders. Empirical data is produced using a model shoe die system and the use of the model to predict powder performance on rotary presses is demonstrated. Systematic experiments have been carried out to investigate the influence of processing parameters including powder height in the shoe, height of the die, shoe velocity and suction velocity as well as material dependent parameters on the flow behaviour of particulate materials in linear shoe-die feeding systems. The influence of force feeding which appears in production rotary tablet presses is not considered. The experimental system was designed to include instrumentation to measure the air pressure evolution inside the die during filling process to investigate particle-air interactions. The experimental results were analysed using the existing models which were not able to describe the empirical observations. New dimensional models were developed to capture air-powder interactions under gravity and suction fill mechanisms for linear die fill systems. A procedure is described to use the models to estimate powder performance under rotary tablet press conditions to enable material and process optimisation for high-volume pharmaceutical manufacturing.
Materials
Four grades of microcrystalline cellulose (MCC), Avicel PH101, PH102, PH200 and PH302, manufactured by FMC BioPolymer, were selected. These materials are pharmaceutical excipients used in direct compression and wet granulation formulation of tablets. The properties of the powders are summarised in Table 1. The average particle sizes presented are the nominal values provided by the manufacturer while the critical orifice diameter and the angle of repose were determined using procedures described elsewhere (Baserinia et al., 2016) . The bulk density was determined using the mass of full die and its volume. The particle size distribution of materials presented in Fig. 3 was measured using a Malvern Mastersizer 2000. Comparison of the results obtained for PH101, PH102 and PH200 with similar bulk density enables identifying the influence of particle size in the process. For PH102 and PH302 the average particle size is similar, and comparison of the results obtained for these powders can demonstrate the influence of bulk density. However, it must be noted that based on the particle size distributions ( Fig. 3 ), PH302 has larger proportion of fine particles compared to PH102 and the difference in flow behaviour could be the result of wider span in the particle size. Therefore, direct comparison of the results must be made with caution. Scanning Electron Microscopy (SEM) images of the materials were captured using an XL30 ESEM system manufactured by Philips which are presented in Fig. 4 . In order to quantify the significance of particle-air interactions in (Baserinia et al., 2016) , with permission.
R. Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) 135-155 the experiments conducted, the permeability of powders was determined at different consolidation stresses by means of a FT4 Powder Rheometer (Freeman, 2007) using Nitrogen at 15°C with velocity set at 2 mm/s. The permeability values presented in Fig. 5 were calculated using Darcy's law (Darcy 1856 
where Q, k, A, µ, P and L b are volumetric flow rate of the fluid, powder permeability, cross-section area of powder bed, fluid viscosity, differential pressure across powder bed and length of powder bed, respectively.
Development and calibration of the linear shoe-die feeding system
The linear shoe-die system used in this study is illustrated in Fig. 6 . The system was introduced by Wu et al. (2003) and was further developed by Schneider et al. (2007) . Jackson et al. (2007) modified the system to enable suction fill mechanism by gravity release of the punch inside the die. Mills and Sinka (2013) enhanced the system further by equipping the punch with a pneumatic actuator allowing precise control of the suction velocity. The linear shoe-die feeding system consists of a rectangular shoe of size 65 × 31 × 38 mm passing over a square die with opening size of 14 × 14 mm. It must be noted that this system does not incorporate the force feeding mechanism included in commercial rotary tablet presses.
For this study, the system was instrumented with two Sensirion SDP1000-L differential pressure transducers to measure the pressure difference between open atmosphere and (1) the top of the die and (2) the bottom of the die through a channel in the punch as shown in Fig. 6 . Each pressure transducer has high and low inlet channels with the high channel connected to the die and low channel open to measure the atmospheric pressure at the vicinity of the die. The two pressure channel holes in the die wall and the punch have the diameter of 1 mm and were cleaned after each experiment to avoid blockage.
The pressure transducers were calibrated using a hot-wire anemometer and a calibrated manometer where the steady flow of air results in a pressure drop inside the unit. Fig. 7 shows a schematic diagram of the calibration system (Baserinia and Sinka, 2018) . The velocity of the shoe and the punch were calibrated using a high-speed video camera whereby the motion of the shoe and the punch was captured and the velocity was determined based on the frame speed of the video and the total number of frames captured for a set distance.
Experimental procedure
The test parameters used are summarised in Table 2 Reprint from (Baserinia and Sinka, 2018) , with permission. adjusted by levelling the top of the powder bed using a L-shaped rod.
In gravity fill experiments, the height of the die (H d ) was adjusted by lowering the punch inside the die. The shoe then passed over the cavity with a set velocity (v) depositing the powder into the die.
In suction fill experiments, the die was initially covered by the punch. The motion of the filled shoe with a set velocity was initiated and once the die opening was completely covered by the powder bed inside the shoe, the punch was lowered with a constant velocity (v s ) creating the suction effect.
The velocity of the shoe and the punch in the die followed the diagram presented in Fig. 8 . At the start of the motion, the velocity increased linearly to the specified value with constant acceleration of 10 m/s 2 . The shoe velocity was maintained constant during powder delivery into the die, followed by deceleration.
In both gravity and suction tests the powder inside the shoe was preconditioned before the experiment by shaking the shoe forward and backward for ± 5 mm with the velocity of 100 mm/s to ensure consistent and repeatable initial conditions of the materials.
Each experiment was repeated three times. The mass of powder deposited in the die was weighted after each experiment. The pressure measurement data was logged using a data acquisition device (National Instruments) controlled with LabVIEW software. During initial experiments conducted for gravity fill (not reported here), it was observed that the pressures measured by the two transducers were very close to each other and the difference was smaller than the accuracy of the transducers. Also, for suction fill mechanism, since the hole inside the punch is rapidly covered with powder entering the die, the transducer connected at the bottom could not record the pressure changes during the entire experiment. For above reasons, all pressure data reported in this paper are measured by the top transducer only.
Results and discussions
The gravity and suction fill mechanisms are described and discussed in this section. The pressure evolution profiles during these processes is key for powder delivery and the magnitudes are necessary for model development; for this reason the changes in the differential pressure between the die and open atmosphere are discussed in detail. New models are introduced to predict mass of powder discharged into the die as a function of shoe/suction velocity and the differential pressure between the die and open atmosphere.
Gravity fill mechanism

Powder mass delivered and critical velocity
The powder mass delivered into the die for different shoe velocities (v) are presented in Fig. 9 including the standard deviation from three repeat experiments. The labels represent the height of the powder in the shoe and height of the die, respectively. Consistent with previous studies (Jackson et al., 2007; Mills and Sinka, 2013; Schneider et al., 2007; Wu et al., 2003) , it was observed that:
• The powder mass introduced into the die reduces when the shoe velocity is increased.
• The powder mass is reduced when the height of the powder in the shoe is increased.
• Powder conditioning (through the initial back and forth motion of the shoe) and the initial acceleration of the shoe result in formation of a heap of powder in the shoe.
• If the powder height in the shoe is relatively low, then the so called "nose flow" is observed (nose flow is described in (Wu et al., 2003) ).
• If the powder height in the shoe is relatively high, then "bulk flow"
or "intermittent flow" mechanisms are observed. (bulk and intermittent flow is described in (Schneider et al., 2007) ). For large values of powder heights in the shoe, the self-weight of the powder results in local densification and particle interlocking which inhibit powder flow. The powder bed also becomes less permeable (due to densification) and therefore air flow out of the die is reduced.
• As more powder enters the die, air pressure build-up opposes further material discharge and results in the reduction of the mass delivered.
The experiments presented in Fig. 9 include large powder height levels in the shoe. The results show that above a certain shoe velocity (e.g. for the relatively poor flowing PH101 and PH302 at shoe velocities above 100 mm/s) the mass delivered into the die remains nearly constant.
The die filling results can be presented in terms of fill ratio ( ) defined as the ratio between the mass delivered and mass of the full die as illustrated in Fig. 10 . For experiments with similar H but different H d , it is observed that the mass of the powder delivered into the die is similar for a given material while the fill ratio changes since the volume of the die and so the mass of the full die is changed. Therefore, interpretation of the results presented in the form of fill ratio alone should be made with caution.
For the experimental results measured under gravity fill mechanism, the fill ratio relation (Eq. (2)) defined by Wu et al. (2003) was fitted to the data and the critical velocity, v c , and the exponent n were obtained which are presented in Table 3 . In fitting this relation to the data, the experiments in which the die was filled completely were omitted. R. Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) 135-155 Comparing the data presented in Tables 1 and 3 shows that generally for powders that are ranked higher in terms of flowability based on the critical orifice diameter and angle of repose methods (Table 1) , larger critical velocity is recorded. The critical velocity can be used as a measure of powder flowability as proposed by Wu et al. (2003) ; however, similar to the previous studies (Mills and Sinka, 2013; Sinka and Cocks, 2009 ) discrepancies in the flow ranking of materials are observed when the processing parameters are changed.
The parameter n from the fill ratio relation appears in the dimensionless model developed by Schneider et al. (2007) (Eq. (3) ). For this model, the empirical constant, c, was determined from fitting to the experimental results. The values obtained are presented in Table 3 .
D, L and g are the mass delivered in gravity fill, bulk density, width of die opening, length of the shoe and gravitational acceleration, respectively. Similar masses were delivered into the die for experiments conducted with = H 40 mm and = H 20 d mm and the relation could not be fitted to the data points.
Comparison of the values obtained for c and n shows significant differences suggesting that they depend on the processing parameters selected (e.g. geometry, shoes speed, height of powder in the shoe). Thus, it is not possible to use this relationship without experimental calibration of the model for every set of processing parameters. Using dimensional analysis, a new model is proposed by modifying Schneider's model in Section 5.3.1. R. Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) 135-155 
Differential pressure in gravity fill mechanism
The magnitude and evolution of pressure in the die during suction and gravity fill mechanisms are discussed below. Selected pressure profiles are presented in Fig. 11 for reference. In general, it is observed that the pressure in the die increases sharply when the mass delivery is initiated. The air pressure is then dissipated through the powder bed and the clearances in the system before returning to zero upon complete translation of the shoe over the die. At some stage during the delivery process, there will be a balance between pressure dissipation and pressure build-up (due to further introduction of powder mass) such that the pressure inside the die remained approximately constant. This is more evident for PH101 at v = 50 mm/s. At higher shoe velocities, the delivery period is shorter and this effect is not significant.
For PH102, when the shoe velocity was set to v = 30 mm/s, a different pressure profile was observed compared to the rest of the experiments carried out (Fig. 11c) . It is believed that at this shoe velocity, Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) 135-155 the powder is discharged into the die gradually until the pressure reached the maximum value. Beyond this point, powder flow is reduced and the pressure is dissipated. For higher shoe velocities, the differential pressure profiles observed for PH102 were similar to the other grades of MCC. The average differential pressure between the die and the ambient atmosphere measured for four grades of MCC are presented in Fig. 12 .
The average values were calculated using the maximum pressures reached in the three repeat experiments.
The air pressure effects are not similar for all the materials used. For PH101 and PH302 the differential pressure is increased significantly with shoe velocity while for PH200 the increase in pressure is small especially at high shoe velocities.
The differential pressure is a function of several parameters some of which are coupled. When the particles enter the die, the volume of the die that the air can occupy decreases resulting in an increase in the pressure. The air pressure build-up opposes further powder discharge. Also, while at high shoe velocities the mass delivered into the die remains nearly constant, the differential pressure increases with shoe velocity due to reduced dissipation. The pressurised air can escape through (1) the powder bed inside the shoe, and (2) the clearances in the system. For materials with lower permeability (Fig. 5 ) it is more difficult for air to escape through the bed and the pressure is mainly dissipated through the clearances. When the particles discharge into the die, powder dilation results in a negative pressure gradient opposite to powder flow direction inhibiting further powder discharge. On the R. Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) 135-155 other hand, larger voidage between the particles increases air permeability making it easier for air trapped inside the die to escape. For powders with higher permeability such as PH200 these parameters cancel each other to some extent resulting in small variations in the pressures developed in the die while for other materials the pressure is increased significantly by increasing the powder height and shoe velocity.
Comparison of the results obtained for PH102 and PH302 shows that for PH302 with higher bulk density (smaller permeability) the differential pressures recorded are larger and the pressures recorded for powders with smaller particle size are larger.
When the powder height in the shoe is larger, the lower levels of the bed are packed denser due to (1) self-weight of the material and (2) particle rearrangement resulted from initial shaking of the shoe. These result in reduction of permeability and air flow through the powder bed.
Suction fill mechanism
Powder mass delivered under suction fill mechanism
In suction fill experiments, the minimum suction velocity was selected based on the values of shoe velocities to ensure that suction time is less than the time under which the die was fully covered by the shoe (length at which the die is fully covered is equal to the length of the shoe minus the width of the die). The mass of four grades of MCC discharged into the die using the testing conditions listed in Table 2 are presented in Fig. 13 . The error bars are generated using the standard deviation of the three repeat experiments.
Comparison of the suction fill experimental results with gravity fill (Fig. 9) shows that the efficiency of die filling increases significantly by employing suction. It is observed that the powder mass delivered into the die under gravity fill mechanism decreases by increasing the shoe velocity. However, in suction fill the influence of shoe velocity on mass delivered changes based on the suction velocity selected. The extent of these effects varies for different materials.
In suction fill, powder flow is dependent on both suction and shoe velocities. The shoe can be considered as the "supply" while the suction is the "demand" or the driving force. At a specific supply level, increasing demand results in larger mass of the powder delivered into the die. This was observed for PH101, PH102 and PH302 with v = 300 mm/s (Fig. 13) . It is anticipated that increasing suction velocity results in increased mass discharge into the die. However, this is only true when the "supply" or shoe velocity is sufficiently large. In other words, for a given shoe velocity, there exist an optimum suction velocity at which the mass of the powder introduced is the largest and the reduction in the mass delivered at suction velocities above the optimum value is due to the reduction in the mass of the powder available at the vicinity of the die opening to be entered into the die under the suction effect. It must be noted that the height of powder in the shoe is also a determining parameter in this regard since larger powder height means larger mass available to be sucked into the die.
For PH101 under the shoe velocity v = 100 mm/s, the mass of the powder introduced into the die increased with suction velocity to its peak value at v s = 150 mm/s before decreasing for larger suction velocities. When the shoe velocity was set to v = 200 mm/s no increase in the mass delivered was observed for the range of suction velocities R. Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) 135-155 considered and the mass decreased continuously. For v = 300 mm/s, although the mass of the powder introduced into the die was smaller than the mass delivered for = v 100 and 200 mm/s at v s = 100 mm/s, increasing suction velocity resulted in a large increase in the mass delivered such that at v s = 200 mm/s the mass of the powder introduced exceeded the mass delivered under smaller shoe velocities. Similar observations were made for PH102 and PH302.
For PH200, at v = 100 mm/s and v s = 100 mm/s, the die was completely filled with powder and increasing the suction velocity further had no effect (Fig. 13) . For v = 200 mm/s minor changes in the mass was observed as a result of increasing the suction velocity and the largest mass was delivered into the die at v s = 300 mm/s. At v = 300 mm/s, the mass was increased by increasing the suction velocity and reached its maximum at v s = 150 mm/s before reducing for higher values. For PH200, the increase in the mass delivered is not as significant as those observed for other grades of MCC. For powders with larger particle size and smaller bulk density (larger porosity) the effect of suction on die filling process is limited due to increased powder permeability. This is discussed in more detail in the next section. Mills and Sinka (2013) characterised powder flowability based on the critical velocity measured for a fixed suction velocity and observed some changes in the flow ranking order of the materials considered. However, it is shown that the mass introduced into the die at a high shoe velocity can exceed the mass delivered under lower shoe velocity for a certain suction velocity (Fig. 13) . Therefore, it is not effective to fit the powder law relation proposed by Wu et al. (2003) to determine the critical velocity for the experiments carried out under suction fill mechanism. 
Differential pressure in suction fill mechanism
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the suction and gravity fill mechanisms are presented in Table A -1. For suction fill, the differential pressure ( P s ) was taken as the minimum pressure recorded. For gravity fill, the differential pressure ( P g ) was taken as the difference between the minimum and maximum values of the pressure profile. During gravity fill period, the mass discharge initiates while the pressure inside the die is still negative, and the pressure rise in the die may or may not exceed ambient pressure. Therefore, the maximum pressure values recorded are often relatively small. This is examined in more detail later in this section. A procedure is described in Section 5.3.1 to determine the differential pressure during gravity fill as a function of v and H which allows the estimation of P g for model development for the suction fill experiments.
Fig. 14 depicts four important features on the differential pressure profile: (1) the total delivery time which depends on the shoe velocity and the length of the shoe, (2) the suction fill delivery time which is determined by the velocity of the punch in the die and height of the die, (3) the gravity fill delivery time which depends on the total delivery time and the suction fill delivery period, and (4) the magnitude of the differential pressures in suction and gravity fill mechanisms.
Initially, the downward motion of the punch creates a suction effect which reduces the pressure inside the die and results in a pressure gradient in the direction of powder flow. This pressure gradient facilitates powder discharge into the die. After the initial acceleration the motion of the punch continues with constant velocity before decelerating to zero. In this period, velocity of the particles entering the die is increasing due to the initial acceleration while the punch moves with a constant or reducing velocity. Therefore, the air which has entered the die through the powder bed and clearances in the system is compressed between the particles and the punch; and the pressure starts to increase towards the end of the suction period. Increasing pressure in the die opposes further flow of particles. The pressure increase continues after the suction fill period and the die fill mechanism switches to gravity fill. This is demonstrated for PH101 using the pressure profiles presented in Fig. 15 . Similar pressure profiles are observed for other materials. Using the velocity of the shoe and the height of the die, the suction fill time can be calculated as 0.2, 0.1 and 0.067 s for suction velocities of 100, 200 and 300 mm/s respectively (the actual times are somewhat longer due to acceleration and deceleration of the punch). In Fig. 15 , it is observed that the differential pressure reaches minimum almost instantly after the suction fill initiates and it starts to rise before the suction is completed.
The magnitude of the minimum and maximum pressures changes based on the shoe and suction velocities. For higher shoe velocities, the amount of powder delivered into the die after to the initial mass introduced under suction effect is limited and the rise in the pressure is less than for smaller shoe velocities. As discussed before, since mass delivery under gravity initiates while pressure is negative, the pressure increase might not be sufficient (due to limited powder discharge during gravity fill) to generate a positive peak in the pressure profile.
For powders with higher permeability and large particle size, it is easier for air to permeate into the die during suction fill resulting in a smaller negative pressure gradient in the die and reduced suction effect. Also, during gravity fill, since the air inside the die can escape more freely through the powder bed, the pressure gradient inhibiting powder flow is smaller thus the mass of the powder delivered in the die is higher. The results obtained for PH200 ( R. Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) 135-155 
Model development
In Section 5.1.1 it was shown that models existing in the literature cannot be used for linear shoe-die systems where air-powder interactions are important. The model developed by Schneider et al. (2007) cannot be used effectively since the coefficients included in the model change by altering the processing parameters. The model proposed by Guo et al. (2009) was developed for stationary shoes and the influence of shoe motion is not incorporated into the model. Both these models are developed for gravity fill and not for the suction fill mechanism. R. Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) 135-155 Therefore, the development of a new model is required. In the following sections, dimensional analysis is employed to develop new models through considering the influence of powder height in the shoe, suction velocity and the differential pressure developed between the die and open atmosphere during filling period.
Gravity fill mechanism
The model developed by Schneider to determine the mass of the powder introduced into the die as a function of shoe velocity was originally validated for the results measured in vacuum (Schneider et al., 2007) and gave good predictions of the mass delivered. However, large scatter in the data was observed for the experiments carried out in air. This model does not incorporate the effects of (1) air pressure built up inside the die on the mass delivered and (2) the influence of powder height in the shoe on densification of the particles and on powder permeability.
In developing Schneider's model the mass flow rate was assumed constant during the delivery period and a power law relationship was proposed between the dimensionless mass flow rate in gravity fill mechanism (m g ) and dimensionless shoe velocity (v ). This relation was then rearranged to calculate the mass delivered into the die, m g (Eq.
(3)). Here, Eq. (3) is modified to include the effects of the powder height (H ) and the maximum differential pressure between the die and ambient atmosphere in gravity fill mechanism ( P g ). A number of other parameters are involved in this process including: viscosity of air (µ), coefficient of friction between particles (µ p ) and between particles and the wall (µ pw ), powder permeability (k), shape of the particles, adhesion between the particles and clearances in the system. Using the same independent parameters taken in the dimensional analysis (Gibbings, 2011) carried out by Schneider (Schneider et al., 2007) (bulk density ( b ), gravitational acceleration (g) and die width (D)), the dimensionless groups of H and P g are formed as
and
Therefore, it can be written that 
Table 4 The values of the coefficients c g , a g and n g calculated from fitting the experimental data to Eq. (9). . Experimental mass delivered into the die under gravity fill mechanism vs. the values calculated from Eq. (9) using measured P g . The figure legends refers to the material, height of the powder in the shoe and height of the die respectively.
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According to the experimental results, similar to shoe velocity, the mass delivered into the die is inversely proportional to the differential pressure. A relation is proposed in the form of Eq. (9) to determine the mass delivered. v and P are multiplied to form a new dimensionless group. The experimental results were fitted, and the values of the coefficients determined for each material are shown in Table 4 . The experiments in which the die was completely filled were not considered in model development and an extra point was added with estimated values of P g , v equal to the critical velocity and m g as the mass of full die. 
The mass delivered into the die calculated from Eq. (9) using the coefficients presented in Table 4 are compared with the experimental measurements in Fig. 16 . It is observed that the model can be used to determine the mass with reasonable accuracy.
The calculated values of mass discharged using the model are mostly within 15% of the experimental values determined. This variation is larger than the acceptable weight variation for pharmaceutical tablets ( ± 5% for tablets with weight above 324 mg (United States Pharmacopeia and National Formulary [USP38-NF33] 2015)). R. Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) 135-155 However, it should be noted that the results presented are for single pass of shoe while in rotary tablet presses there are additional force feed mechanisms due to multiple rapid passes of the paddles and the weight uniformity is ensured by a weight adjustment system (overfill/part eject). It is shown that for materials with smaller particle size and higher bulk density, the magnitude of a g and consequently the effect of powder height in the shoe on the mass delivered is larger. Since powder permeability is a function of both particle size and bulk density (Carman, 1937; Kozeny, 1927) it is anticipated that the values of a g are dependent on powder permeability. This is a valid consideration since for larger powder height in the shoe the particles are packed denser (especially at lower levels of the bed) after conditioning and powder permeability is reduced. It is also observed that n g changes with the average particle size where for PH102 and PH302 with similar average particle sizes, the values of n g obtained are very close. The coefficients in Table 4 allow the model to be used for different processing parameters after calibration of the coefficients for the material and system in use.
The differential pressure developed inside the die should also be measured for the powder at the shoe velocities considered. This would require a large number of experiments to be carried out. The following procedure is proposed to determine the values of P g using reduced number of experiments.
As discussed previously, the differential pressure developed in the die during gravity fill changes with the height of powder inside the shoe (H ) and shoe velocity (v). A polynomial fitting surface in the form of Eq. (10) 
This relation was fitted to the experimental results (excluding the experiments in which the die was filled completely) and the coefficients were determined. The values obtained for four grades of MCC and the coefficients of determination (R 2 ) are presented in Table 5 . Satisfactory fits are obtained and the surfaces fitted are plotted in Fig. 17 .
Once the coefficients in Eq. (10) are determined, this relation can be used in Eq. (9) to calculate the mass discharged. The values of m g determined from this procedure are compared with the experimental results in Fig. 18 . A good agreement is observed between the calculated and experimental values. For clarity, it can be noted that Fig. 16 uses the actual pressure difference measured experimentally, while Fig. 18 uses an estimation of the pressure difference using Eq. (10).
By estimating the pressure difference using Eq. (10), only a small number of experiments are required to calibrate Eq. (9) for a given material and system in use; thus Eq. (9) can be used for process design and optimisation applications. R. Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) 135-155 
Suction fill mechanism
The total mass of powder introduced into the die (m) for the experiments performed involving suction fill mechanism can be defined as the sum of mass delivered in the suction fill stage (m s ) and the mass delivered in gravity fill stage (m g ).
Using Eq. (9) the mass discharged into the die under gravity can be determined. Therefore, Eq. (11) can be written as
where L g is the length of the shoe at which the powder is discharging under gravity fill mechanism. Similar to Section 5.3.1, a model is developed to predict the mass of the powder delivered into the die in suction fill (m s ). The main parameters involved in the process can be listed as: shoe velocity (v), suction velocity (v s ), differential pressure developed into the die during suction fill mechanism ( P s ), width of the die (D), length of the shoe at which the powder is discharging under suction fill mechanism (L s ), bulk density of the powder ( b ), acceleration due to gravity (g), viscosity of air (µ), coefficient of friction between particles (µ p ) and between particles and the wall (µ pw ), powder permeability (k), shape of the particles, adhesion between the particles and clearances in the system. Therefore, we have R. Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) To determine the mass discharged in suction, the powder mass delivered in gravity fill (m g ) was determined using the coefficients presented in Table 4 . For this purpose, the length at which the powder is discharging under gravity (L g ) was calculated using Eq. (19) (L T is the total length of the shoe) and the differential pressures ( P g ) were determined from Eq. (10) using the coefficients presented in Table 5 . This enabled a well-defined estimation of the pressures for the materials and
In the next step, the values of m s were obtained from subtracting the total mass discharged into the die (m) by the values of m g determined using the above procedure. The values of m s were then used in fitting Eq. (18) to determine the constants c a b , , s s s and n s as presented in Table 6 . In Eq. (18), the differential pressures were taken as the minimum pressure recorded during die filling process. The experiments in which the die was completely filled (PH200 under v = 100 mm/s) were not considered in model development.
The calculated mass discharged into the die under suction fill mechanism is compared with the experimental values on Fig. 19 . The labels represent the material and the shoe velocity used. For PH200 at v = 100 mm/s, the mass calculated using the model is larger than the experimental values since the die was completely filled with powder. The model however, determines the mass delivered under suction with satisfactory accuracy. Larger discrepancies are observed for v = 300 mm/s. 
To use this model, the empirical constants should be calibrated experimentally for the material and system in use while the differential pressure developed during gravity fill can be estimated using Eq. (10). An equivalent equation to calculate P s requires further experiments.
Eq. (20) can be used for estimating the flow behaviour of powders under differential pressure, for example the die fill in rotary tablet presses, which is illustrated next.
Rotary tablet press operation
Pharmaceutical manufacturing relies on a variety of rotary tablet presses. The results from the linear shoe-die system can be related to rotary tablet press geometry and operating parameters (defined in Fig. 1) . We return to the methodology presented by Sinka et al. (2004) using Equation (20), which now considers not only gravity but also the suction fill mechanism. The operating conditions of a Fette 1000 tablet press are presented on Table 7 .
Similar to (Sinka et al., 2004) , the press speed and the fill-o-matic speed were assumed as 40 and 20 rpm respectively. This gives an equivalent shoe velocity of approximately v = 500 mm/s. Based on the press geometry, the equivalent shoe length can be calculated as the length of the arc between two adjacent paddles of the feeder. Therefore
It is also considered that D=H d = 10 mm and the height of the powder is H = 20 mm. From location of the suction cam it is noted that suction takes place over 1/3 of the shoe length. Accordingly, the suction time (t s ) and so the suction velocity are determined as t s = 0.063 s and v s = 150 mm/s respectively. The die fill performance of four grades of MCC in a rotary tablet press under the processing conditions described above are estimated using Eq. (20) with the values of the coefficients being taken from Section 5.3.1 and Section 5.3.2. Differential pressure in gravity was determined using Eq. (9). However, no experimental data is available for P s for a shoe velocity of v = 500 mm/s. It is anticipated that since the shoe velocity is considerably larger than the values considered before, the differential pressures developed during suction fill ( P s ) would be larger than those measured in Section 5.2.2. Here, conservative value equal to the maximum pressure measured is considered for P s for each material. Table 8 estimates the mass discharged, mass of full die and the number of passes required to fill the die for the four materials. Note that a fill cycle corresponds to 2.35 single shoe passes (Sinka et al., 2004) for the operating conditions considered i.e. the spokes pass over the die cavity more than two times while the die is in the feeding zone. Suction fill initiates at the beginning of the filling cycle and the powder discharges under gravity only once suction fill is completed. Therefore, the contribution from suction fill is only considered for the first pass of the spokes.
In Table 8 it is shown that under the operating conditions specified, the die can be filled completely in a single pass of the spokes. Table 8 can be used to rank order the die fill performance of the powders under the specific operating conditions considered. Different operating conditions may yield different ordering of powders considered in terms of die fill performance.
Table 7
Operating conditions of a Fette 1000 rotary tablet press (Sinka et al., 2004 R. Baserinia and I.C. Sinka International Journal of Pharmaceutics 563 (2019) 135-155 
Conclusions
In pharmaceutical tablet manufacturing, the final properties of the tablets (e.g. weight uniformity) are determined by the mass of the powder discharged into the die in the feeding stage. Experiments using a linear shoe-die feeding system operating under gravity feed show that the mass of the powder introduced into the die reduces significantly by increasing the shoe velocity and the powder height in the shoe. On the other hand, the suction effect arising from the downward motion of the punch can significantly improve filling efficiency. It is argued that for a given shoe velocity, there exists an optimum suction velocity at which mass of the powder delivered into the die is the largest.
The changes in the differential pressure between the die and open atmosphere determine the amount of powder introduced. The pressure is influenced by material properties, powder discharge into the die, motion of the shoe and punch as well as the clearances in the system. It is shown that in gravity fill, powder flow results in a pressure gradient opposite to the direction of flow which inhibits further powder discharge while during suction fill, initial acceleration of the punch creates a pressure gradient in the direction of flow facilitating die fill. As a result of powder entering the die the pressure starts to rise before the suction fill is completed. The pressure increase continues after the suction fill stage and the powder discharge mechanism switches to gravity fill.
It is observed that for powders with small particle size, large bulk density and small permeability, the pressure effects are more significant and suction have greater impact on the mass discharged into the die. Local densification and particle interlocking resulted from self-weight of the powder and initial conditioning can negatively impact powder discharge in gravity fill mechanism through reduction in permeability while this can improve suction efficiency.
New models are proposed to determine the mass introduced into the die as a function of material and processing parameters. For gravity fill, the model developed by Schneider et al. (2007) is modified to incorporate the influence of powder height in the shoe and the differential pressure developed between the die and open atmosphere on the mass delivered. The model includes three empirical coefficients which can be calibrated empirically. Unlike previous models, the coefficients remain constant for different sets of processing parameters.
For suction fill, the model is developed by considering the total mass delivered as the sum of the mass delivered in suction fill and the mass discharged under gravity fill mechanism. The suction fill model includes four empirical constants which remain constant for different processing parameters and can be calibrated experimentally. In order to use the model for practical applications involving gravity and suction fill, preliminary experiments are necessary to determine the values of the empirical coefficients for a given powder material and to capture the influence of parameters not appearing in the model explicitly. The model can also be used to evaluate the influence of process parameters such as feeding velocity on the mass discharged into the die.
In order to use the proposed model for process design (e.g. a new powder delivery system) it is necessary to determine the differential pressure for the system considered. The differential pressures appearing in the model require experimental measurements carried out on the specific equipment, e.g. using typical punches with typical clearances on presses running at typical speeds.
The practical use of the proposed model proposed was illustrated by estimating the die fill performance of the four MCC materials on a rotary tablet press. Using typical data from the press kinematics an equivalent set of shoe and die velocities were determined. Under these circumstances the die would be filled effectively by all four materials even at lower press speeds. Table 8 can provide a rank order for the powders but it is specific to the operating conditions considered. A powder considered as poor flowing by standard measures may equate or outperform free flowing powders. Different operating conditions may result in different rank orders of powder flowability when air pressure effects are at play.
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